Abstract-Rotating ring disc electrode (RRDE) experiments are a classic tool for investigating kinetics of electrochemical reactions. Several standardized methods exist for extracting transport parameters and reaction rate constants using RRDE measurements. In this work, we compare some approximate solutions to the convective diffusion used popularly in the literature to a rigorous numerical solution of the Nernst-Planck equations coupled to the three dimensional flow problem. In light of these computational advancements, we explore design aspects of the RRDE that will help improve sensitivity of our parameter estimation procedure to experimental data. We use the oxygen reduction in acidic media involving three charge transfer reactions and a chemical reaction as an example, and identify ways to isolate reaction currents for the individual processes in order to accurately estimate the exchange current densities.
INTRODUCTION
The rotating ring disk electrode (RRDE) is popular [1] [2] [3] [4] [5] in electrochemical studies both for its ease of use as well as for the rigor with which kinetic data can be obtained across a variety of operating conditions. The computational tools developed to simulate the setup also constitute one of the most rigorously studied systems in electrochemical engineering [6] [7] [8] [9] [10] . The fluid motion due to a rotating disk is described by the Navier-Stokes equations and the continuity equation. This system of equations can be simplified to a set of two-dimensional (2D) equations using the steadystate, the axial symmetry, and the incompressible Newtonian fluid assumptions [11, 12] . They are usually further reduced to a set of one-dimensional (1D) equations by a combination of variables technique as presented by von Kármán. [13] The 1D equations subject to a set of concise boundary conditions are then solved using a variety of techniques including series expansions [14] [15] [16] and numerical solutions [17, 18] . Modeling kinetics using the rotating disk electrode consists of solving the convective-diffusion equations that describe the rate of mass transport to the rotating disk surface. Exact analytical solution to this problem is only possible for relatively simple cases [19] . For more complicated cases, such as those involving multiple reactions taking place simultaneously at the electrode surface, researchers have often resorted to limiting case analyses [20] [21] [22] where the rates of one or more reactions are negligible under a limited potential or concentration window, or when the contribution of migration to charge transport is ignored [23] . Numerical solution techniques offer generic solutions; but are often tedious to develop. This is particularly true of non-linear differential algebraic systems such as electrochemical reactions coupled with convective flow [24] [25] [26] since the convergence of the numerical scheme depends to a large extent on the initial guess values. This problem is usually circumvented by solving the transient problem in successive iterations until steady-state conditions are arrived at. Solving directly for the steady state condition where the flow is fully developed and reaction equilibrium is established, results in a much more efficient solution scheme [27] . Following the model [7] developed by White and Newman to solve for the steady state conditions on a rotating disc electrode involving simultaneous reactions, Lorimer [28] and Adanuvor [29] [30] [31] presented extensions to include chemical reactions at the interface and in the bulk of the solution. The latter also presented a rigorous mathematical procedure to extract model parameters from a set of rotating disc electrode measurements. Simulating multiple reactions on a rotating ring disc electrode surface is complicated by the need to specify model parameters accurately, in addition to solving a highly non-linear set of equations that require a consistent set of initial conditions. In most instances, the kinetic and transport parameters are obtained by trial and error [30] . Even when a method to extract parameters from experimental data does exist, [31] there are practical difficulties such as discerning the contributions from competing factors. For instance, Wu et al. [32] use a frequency domain solution and observe dispersions at specific sets of frequencies that they attribute to formation of adsorbed intermediates or coupling between double layer charging and faradaic reactions. Other techniques such as transient measurements using rotating electrodes [33] or eccentric rotating electrodes [34] are often limited by constraints on experimental reproducibility of the flow fields.
More recently, rigorous numerical solutions for the three dimensional flow problem coupled with surface reactions have been presented [35, 36] . We recently compared errors introduced from adapting only the first term of the series expansion for the velocity profiles [37] and presented a rigorous numerical solution for the Navier-Stokes equations coupled with the three dimensional flow problem [38] . Despite the extensive number of systems analyzed and the availability of advanced computational tools, the methodology to obtain kinetic information from rotating electrode experiments has essentially remained unchanged over the last few decades. In this work, we build upon our recent work on the numerical solution of a system involving multiple reactions [38] . Using the approach presented earlier by Adanuvor and White [31] we explore alternate designs for the RRDE set up, where in the contributions from individual reactions can be better resolved using additional ring electrodes set to different voltages.
MODEL DEVELOPMENT
The model system used for illustrative purposes in this work is the reduction of oxygen in acidic media. The reactions involved are as follows:
The parameter represents the standard electrode potential for the charge transfer reaction 'j'. All the potentials mentioned in this work are with respect to the standard hydrogen electrode.
is the standard Gibb's free energy change in the chemical reaction at 298 K in kJ/mol.
In this work, the hydrodynamics at an RRDE is solved with a two dimensional model in cylindrical coordinates, based on the Navier-Stokes equations [9] . The Nernst-Planck equation is used to simulate mass transport [11, 39] . All the basic transport terms, including diffusion, convection, and the migration term are retained in the Nernst-Planck equation to ensure accuracy. The equations used for the boundary conditions on the disk and the ring where the electrochemical reactions occur are based on the ButlerVolmer kinetics [28] [29] [30] . The simulations were carried out by using the commercial finite element software, COMSOL 3 MultiPhysics (COMSOL) [40] . The model equations subject to the assigned boundary conditions are solved and polarization curves are simulated for cases in which the reactions 1~4 occur to different extents.
A sketch of the cross-section of the RRDE and the simulation domain adjacent to the surface of the electrodes is shown in Fig. 1 . The variable z is used to represent the axial coordinate for which the origin is set at the surface of the electrode. The radial coordinate is represented by r and its origin is set at the center of the disc electrode. In accordance with the observation by F.M. White [9] that the velocity changes are negligible when the dimensionless distance ζ is greater than 10 and by A. J. Bard et al. [3] that a region of 0 to 7.2 ζ in the axial direction should be used for material balance, we chose z = 0-0.12 cm as the simulation domain. Here, , where Ω is the rotating speed of the electrode in rad/s, μ is the kinematic viscosity in mPa s, and ρ is the density of the electrolyte in g/cm 3 . Numbers in italics in the schematic shown in Fig. 1 represent the boundaries as referenced in subsequent sections. The boundary 2 corresponds to the disc electrode; 5 and 7 are the two ring electrodes and their positions in the baseline case are as described in Fig. 1 ; 4, 6 and 8 are insulated boundaries representing the Teflon block on to which the electrodes are embedded; boundaries 2 and 9 have convective flux with no normal stresses. The pressure is set to zero at r = z = 0. 
The following assumptions are made in this model: the electrolyte is a Newtonian fluid with constant density and viscosity; the physical properties of the electrolyte (0.5 M H 2 SO 4 saturated with pure oxygen at 1 atm and 298 K) can be approximated by those of water; the system has axial symmetry and is at steady state. The generalized equations of motion and continuity in cylindrical coordinates are in the following form [39] :
where P is the pressure in Pa, u is the velocity vector in cm/s. With the assumption of axial symmetry and steady state flow, the derivatives with respect to time (t), and angular coordinate (θ) are all equal to zero. The density and viscosity are assumed to be constants. Eqs. (1) and (2) can then be simplified and written in the expanded form as shown in Table 1 .
Mass Balance (Nernst-Planck Equations)
The following assumptions are made for the mass balance: the system is assumed to be at steady state; there are no homogeneous reactions in the bulk of the electrolyte; the axial symmetry condition is applicable; the concentrations and the liquid phase potential 
Boundary Conditions for Velocity and Pressure
Boundary 1 (see Fig. 1 ) is at the axis of the cylindrical coordinate, and axial symmetry conditions are applicable.
(5)
Boundary 9 is far away from the axis of the cylindrical coordinate, and is treated as free surfaces (i.e., the viscous force is zero):
, (6) or, in the expanded form:
At the surface of the electrodes, the no-slip condition is assumed to apply, hence the r and z components of the velocity are set equal to zero, while the θ component of the velocity is set equal to the angular velocity of the electrode. So the velocities at boundaries 2, 4-8 are given by: (8) Only the first order derivative of the pressure (P) exists in the governing equation (1), which means that only one boundary condition in the z direction for pressure (P) is needed [39] . The pressure (P) is arbi-0, trarily set to be zero at boundary 3. The derivative of velocity in z direction is equal to zero since it has a constant value far from the surface of the electrode (i.e., along boundary 3) [20, 21] . Also u r and can be set equal to zero at boundary 3 since there is no viscous effect far from the electrode surface (except an axial inflow) [20] . So the following conditions for boundary 3 are given:
Boundary Conditions for Concentrations and Potential
Axial symmetry is used to set the boundary conditions at boundary 1, which is located at r = 0:
The concentrations at boundary 3, far away from the surface of the electrode, are the bulk concentrations (c i, bulk , in mol/cm 3 ), and the potential Φ is set equal to the potential of the reference electrode at the operating conditions (Φ RE , in V). (11) At boundaries 2, 5 and 7 which are on the surface of the disk and the ring electrodes, reactions 1-4 occur, and a jump material balance gives the following [11, 31] equations: (12) where s ij is the stoichiometric coefficient of species 'i' in reaction 'j', i j is the current density for reaction 'j' in A/cm 2 , i t is the total current density in A/cm 2 , n j is the number of electrons transferred in reaction 'j', r s is the chemical reaction (i.e. reaction 4) rate at the electrode surface in mol/(cm 2 s), R is the gas constant, 8.314 J/(mol K), and T is the absolute temperature in K. In the first expression in equation (12) , the left hand side is the mass flux of each species, and the right hand side is the generation or consumption of the respective species due to chemical and/or electrochemical reactions. In the second expression in equation (12) , the left hand side is the net flux of charge in the electrolyte adjacent to the electrode surface, while the right hand side is the total current flow. At bound- 
aries 4, 6 and 8, the current will be zero, since there are no reactions occurring:
Boundary 9 is far away from the axis of the cylindrical coordinate, and following conditions are applied:
Note that is equal to zero for neutral species O 2 and H 2 O 2 (i = 1 and 2 respectively) in equations (12)- (14).
Kinetic Equations
The current densities in equation (12) can be obtained from the kinetic equations for the electrochemical reactions at the electrode surface based on the Butler-Volmer expression [25] [26] [27] : (15) where i 0j,ref is the exchange current density due to reaction 'j' at the reference concentrations in A/cm 2 , c i,0 is the concentration of species 'i' adjacent to the surface of electrode in mol/cm 3 , c i,ref is the reference concentration of species 'i' in mol/cm 3 , α aj is the anodic transfer coefficient for reaction 'j', α cj is the cathodic transfer coefficient for reaction 'j', p ij is the anodic reaction order of species 'i' in reaction 'j', q ij is the cathodic reaction order of species 'i' in reaction 'j', and η j is the overpotential of reaction 'j' in V, and it is measured with respect to a reference electrode of a given kind in a solution at the reference concentrations. The open circuit potential of reaction 'j' at the reference concentrations relative to a standard reference electrode of a given kind is expressed [28] as follows: (16) where s i,RE is the stoichiometric coefficient of species 'i' in the reaction occurring at the reference electrode, 3 , n RE is the number of electrons transferred in the reaction that occurs at the reference electrode. The overpotential for electrochemical reaction 'j', (η j ) in equation (15) is given by (17) where Φ 0 is the potential in the solution adjacent to the electrode surface in V, Φ met is the potential of working electrode in V. The reaction orders p i,j and q i,j in equation 15 are related to s i,j by (18) (19) The apparent transfer coefficients for reaction 'j' sum up to the number of electrons transferred in that reaction, that is (20) The total current density is the sum of the partial current densities (21) The rate of the catalytic decomposition of peroxide at the electrode surface is expressed as (22) where the reaction order (p) can be a fraction or a whole number, and it is assumed to be 1 in this work. One of the key differences in the system described in Fig. 1 , from experimental set-up previously described (see for example [37, 38] ) is the ability to independently control the applied potential (E appl , or Φ met -Φ RE ) at the surface of each of the ring electrodes. As noted in subsequent sections, this feature significantly enhances the sensitivity of the i-V data to the kinetic parameters associated with the individual reactions. The rate constant k h is assumed to be independent of the applied potential. Summaries of the governing equations and the boundary conditions (including the kinetic equations) are listed in Tables 1 and 2 , respectively. The governing equations (equations (1)-(4)) subject to the given boundary conditions (equations (5)- (22)) are solved numerically using COM-SOL. The kinetic parameters, reaction properties and physical properties of the species used in this simulation are shown in Table 3 . The values for other system invariants, solution phase properties and the operating conditions are listed in Table 4 . SENSITIVITY ANALYSIS It is common practice to design experiments such that the change in the response is sufficiently sensitive to model parameters of interest. In this instance, we are primarily interested in calibrating the current-voltage response of the RRDE system and regressing the exchange current densities or transfer coefficients from the fits. As shown in the following section, this process is straight-forward for single reactions. However, with an increase in the number of reactions taking place simultaneously, it is desirable to perform a sensitivity analysis a priori, to screen the parameter space for maximum resolution in the sensitivity coefficients. A detailed procedure to perform such analyses was outlined by Adanuvor [31] . For a system of equations with a parameter set x, the objective function (F) 
to minimize the error between the model predictions and experimental observations is given by: (23) The vector of parameters is then iteratively updated using the following expression: (24) where is calculated as the gradient on the parameter space that minimizes the objective function. For second order methods using the Hessian (H) of the objective function, the following definitions apply: (25) (26) (27) Here, is the sensitivity coefficient and is a measure of how accurately one can determine the parameter x α using the data point F j . Our objective then, is to selectively improve the sensitivity of the current-voltage curves to the desired subset of parameters, in the presence of multiple reactions on the electrode surface, by exploring alternate experimental conditions. For ease
of comparison against different test cases, we follow the convention introduced by Adanuvor [31] and define a relative sensitivity ( ) as follows: (28) which helps us to identify the dominant set of parameters that influence the response under a given set of experimental conditions. Figure 2a shows the velocity field vector in the electrolyte as a function of distance from the electrode surface. The simulation captures features of the swirl flow, where in the electrolyte moves from the bulk towards the surface and then in the radial direction away from r = 0. The velocity of the electrolyte is at its maximum on the outer edge of the rotating disc. The maximum velocity (=70.68 m/s) at boundary 7 where u r = u z = 0, corresponds to the rotation speed of 900 rpm. Figure 2b shows the distribution of the dimensionless concentration for the species of interest adjacent to the electrode surface. As noted, the concentration reaches the bulk values within a few microns from the electrode surface. Positioning the disc and ring electrodes at different levels along the z coordinate, it is numerically possible to solve for current distributions. However, the narrow reaction zone implies that using such an alternate design it is not practically viable to improve accuracy of the parameters estimated from such experimental data, since it would be extremely difficult to precisely machine the differences in height between the ring and the disc electrodes.
RESULTS AND DISCUSSION
Next, we simulate the current-voltage response for the individual reactions (1) and (2) to verify that the profiles are reasonable. In order to compare our results against previous work, we hold the potentials on both the ring electrodes at 1.2 V. Reaction 1 is the fundamental reaction of the ORR at an RRDE in an acidic electrolyte, and it can be used to simulate the experimentally obtained polarization curves approximately. The solid lines marked with open circles in Fig. 3 are simulation results for reaction 1 only with parameters i 0,1 = 10 -9 A/cm 2 and α c1 = 1. There is no current on the ring since there is no peroxide generated. The curve for disk current follows the trends for that of single reaction systems [27] . This result implies that the polarization curve shifts towards more cathodic potentials if i 0,1 gets smaller as the overall reaction rate is slower. On the other hand, when i 0,1 is increased, it shifts towards more anodic potentials. The potential drop in the ohmic region will be drastic when the transfer coefficient (α c1 ) is large, and the drop is mild when α c1 is small.
In cases where peroxide is a stable product, reaction (2) can be used to simulate the polarization curves. A set of simulated polarization curves for reaction (2) are shown in Fig. 3 and are represented by lines marked with triangles. The current gathered on the ring is positive due to the anodic reaction and the current gathered on the disk is negative due to the cathodic reaction. Reaction 2 is reversible under Ring and Disc currents for competing reactions 1 and 2 when each reaction is hypothetically treated as the only one in progress: for this case the bias voltage on both the ring electrodes was set to 1.2 V. In theory, studying the reactions one at a time facilitates the estimation of kinetic properties; in practice, it is difficult to identify the observable sample space when multiple reactions take place at the electrode surface. the given operating conditions. The oxygen transferred to the disk surface is reduced to peroxide at a rate depending on the applied potential (E appl ) and the mass transfer limitations. When the peroxide is transferred to the ring on which a constant potential of 1.2 V is applied, it is oxidized back to oxygen. The collection efficiency N of an RRDE is defined by: (29) where I R is the limiting current collected on the ring in A, I D is the limiting current collected on the disk in A, when a single reversible reaction is occurring on the disk and all the product collected on the ring can be converted back to the reactant. The value of N for the RRDE with dimensions shown in Fig. 1 
is -5.32 × 10 -4 A. However, the limiting current obtained in this simulation work is -5.15 × 10 -4 A. The discrepancy arises from the truncated series solutions for the velocities [10] (of the order of z 3 for u z and of z 2 for u r ) used in deriving the Levich equation. We previously reported [37] that the complete numerical solution improves the estimates for the limiting currents and collection efficiencies by as much as 4% compared to the one-term approximation commonly used in the literature. The velocity profile obtained in this work using the swirl flow model is consistent with the numerical solution of the 1 dimensional model given by F.M. White [9] . We also verified that the simulations using truncated series solutions for the velocities and the Nernst-Planck equation for material balance result in the same limiting current value as the Levich equation prediction (i.e. I L = -5.32 × 10 -4 A). Figure 4 shows the polarization curves when multiple reactions take place simultaneously at the electrode surface. The bias voltage for the ring electrodes was set to 1.0 V. The results from multiple reactions taking place on the electrode surface for a variety of conditions were discussed at length in our previous work [37, 38] and are not repeated here. It is worth noting that whereas in simulations it is possible to isolate the response of individual reactions by selectively setting the rate constants for all the other reactions to arbitrarily small values, in order to study the effect of different parameters on individual reactions, it is not often possible to obtain corresponding experimental data under such ideal conditions. For example, if reaction (4) Table 1 would be modified as follows:
In such instances, it is beneficial to design experimental conditions in such a way as to maximize the relative sensitivity ( ). One approach to alter the sensitivity of the different reactions would be to monitor the current distribution across different lengths from the disc [10] . However, given that the small variation in the solution phase potential, good conductivity across the ring electrodes, enhancements to the sensitivity of the reaction parameters will be minimal. In addition to this, the criteria for positioning the electrodes would be system specific, necessitating the use of a different set up for each parameter being identified, even within the same system. In our case, the wide differences in the standard electrode potentials offer an alternate option. We employ a segregated electrode similar to that proposed by Smyrl [10] ; and in addition to the spatial isolation of the two ring electrodes, also employ different bias voltages (Φ met -Φ RE ) for the ring electrodes. The numerical values for these voltages are selected based on the choice of parameters to be estimated. The simplest case is where the bias voltage is set equal to U j,ref when the current contribution for reaction j becomes zero. Thus, we can isolate the individual reaction currents at different ring electrodes. 
Setting the voltage at the outer ring to more positive values compared to that at the inner ring selectively moves the current response for that reaction, whose standard electrode potential ( ) is closest to the bias voltage applied, to more cathodic values, providing a wider range of current-voltage curves that can be used to extract kinetic parameters for that reaction with higher fidelity.
One example of improving selectivity of the reaction currents is provided in Fig. 5 . There are two sets of curves showing the ring currents. Those for case (b) were generated with the same set of parameters used in Fig. 4 . The currents corresponding to case (a) were generated with 1.0 V for the bias voltage on the outer ring and 1.2 V for that on the inner ring electrode. As observed, the ring currents are enhanced by at least an order of magnitude. Similar results can be accomplished by sweeping the bias potential of an RRDE with one ring electrode across suitable values; however, the advantage of the segregated electrodes approach is the ability to isolate the individual reaction rates. For instance the bias voltage on the outer ring electrode can be set equal to U 1,ref and the reaction current for reaction (2) can be recovered with the same accuracy as those shown for case (b). Several other combinations of the bias voltages will facilitate extraction of parameters for other reactions.
One advantage of using the rigorous numerical solution presented in this work, is the ability to simulate potential and current distributions from multiple reactions across different electrodes, which enhances our ability to design experiments with features to sweep the bias voltages across suitable voltage windows. The downside is the large set of variables that need to be subjected through the design of experiments by trial and error. The estimation of sensitivity j U θ coefficients for the parameters of interest helps us narrow down the design space in a systematic fashion. Using the technique outlined in the previous sections, it is possible to obtain the relative sensitivity of the different parameters across the design space. The sensitivity coefficients can be calculated using analytical jacobians as part of the simulations in Comsol. Thus, knowing only the thermodynamic parameters for the system (viz., ) and the bulk concentrations (which also equal the reference concentrations, in our simulations) for the species of interest, one can identify the design space suitable for estimating the rate constants for the different reactions that take place on the ring electrodes. Figure 6 shows the relative sensitivity of the exchange current densities obtained at different bias voltages. The range of parameter values chosen for the abscissa of the plot is still based on the initial estimates from the case where the potentials on the two ring electrodes are identical. By introducing bias voltages similar to those in Fig. 5 , the sensitivity of the i-V curves to the parameter i 0,1 is improved considerably.
The modeling approach presented above can be used in conjunction with a variety of different mechanisms for electrode such as the Volmer-Tafel [28] , Volmer-Heyrovsky [44] , or Marcus-Hush-Chidsey (MHC). For diffusional redox systems, similar to the one presented in this work, the Butler-Volmer kinetics was reported to be more appropriate [45] to parameterize experimental data from voltammetric techniques. The MHC approach may provide additional physical insights; but its quantitative application is limited by the presence of additional parameters and has been shown to result in poor-quality fits of experimental data [45] . Determining kinetic parameters as outlined in the present work, the associated confidence intervals using the methodology presented in Relative sensitivity
